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Abstract- A miniaturised millimetre wave UA V-Synthetic 
Aperture-radar, MRUDIO, was designed, built and tested 
onboard a microlite aircraft and an unmanned helicopter. The 
design was conducted at Fraunhofer-FHR and followed the FM­
CW principle, to get the highest possible average transmit power 
and thus the best range performance. A very flexible principle of 
operation, based upon multiplication of basic frequencies 
generated using a DDS oscillator, allows a very easy adaption of 
the band of operation between 35 GHz and 94 GHz. The 
experiments described here were conducted at an operating 
frequency of 94 GHz. An inertial system of high quality, based 
upon a fibre optic gyroscope maintained the necessary precision, 
to allow high resolution SAR imaging. The raw data are 
transmitted to the ground station using an analogue data link, 
where they are AID converted, preprocessed and finally undergo 
a real-time SAR-focusing algorithm. Additionally to the quick­
look processing the data are stored to be able to apply further 
high quality SAR processing. The mm-wave system can also be 
incorporated into a UA V-SAR developed at !radar of Melaka 
(My) to serve applications with high sensitivity against small 
scale structures and changes at mm W-bands and better 
transmission through canopies of wood at lower frequencies. 
The paper describes the design principles and gives results from 
the flight tests. 
I. INTRODUCTION 
Airborne remote sensing is most important as well for 
civilian as for police and military applications. The inspection 
of disaster areas require very short reaction times to be able to 
take adequate means for recovering people or take other 
means of resilience. Another field of application is border 
control in land and maritime environment. To get the 
necessary detailed information, high-resolution multi 
parameter imaging of scenarios within limited areas is 
necessary. It is, however, of importance to be able to operate 
day and night and under adverse weather conditions including 
smoke and dust. As the Fukushima nuclear accident shows, 
also unmanned operation over dangerous terrain can be 
essential. Unmanned aircraft systems (UAS) are presently 
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discussed for such applications, especially as carrier platforms, 
which allow, to carry miniaturized synthetic aperture radar 
systems. Millimeter-wave radars allow a very compact set-up, 
using MMIC technology and allows to use small antennas 
with adequate gain. Further, millimeter-wave radar is very 
sensitive to small scale variations of the scattering surfaces 
and give information on changes, which are not visible for 
classical radars at more traditional frequencies like X-band. 
Low frequencies, however, have other advantages, e.g. that 
they are able to look through canopies of wood. Consequently 
a combination of both SAR sensors either in parallel or 
dependent on the respective mission would be favorable. 
A miniaturised millimetre wave radar, MRUDIO 
(Millimetre Wave Radar for Unmanned direct Observation), 
to be used as SAR onboard a small U AS was designed, and 
tests of such a system onboard of a small aircraft and an 
unmanned helicopter were conducted. The design follows the 
FM-CW principle, to get the highest possible average transmit 
power and thus the best range performance. An inertial system 
of high quality, based upon a fibre-optic gyroscope maintains 
the necessary precision to allow high resolution SAR imaging. 
The raw data are transmitted to the ground station where they 
are pre-processed and finally undergo a real-time SAR­
focussing algorithm. Additionally to the quick-look 
processing, the data shall be stored to be able to apply further 
high quality SAR processing. 
The system was developed to prototype status at 
Fraunhofer-FHR [1] and can be produced to serve a wide 
range of applications. At C-Band a well developed C-Band 
UA V SAR is available from !radar (www.iradar.com.my) of 
Melaka (Malaysia). Both front-ends can be operated with the 
same signal acquisition and processing-hardware onboard of 
UA V or light aircraft. Further sensors like hyperspectral or IR 
as well as video sensors can be incorporated into an integrated 
system approach. 
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II. MILLIMETER-WAVE RADAR FOR UAV-SAR 
Millimetre-wave radars in the 94-GHz region have been 
developed over several decades to serve military application 
mainly for seeker-heads and fuzed amunition. A well-known 
example is the SMART 155 mm artillery grenade [2]. 
Nowadays a range of other applications, mainly concerning 
security and safety, or automotive applications, can be served 
by mm-wave radars. This means, that a technology is 
available, which allows miniaturization of radars for 
applications, where only a limited payload is possible. 
Moreover also broadband performance can be realized with 
up-to-date solid-state technology, which is the key parameter 
for high-resolution radars. Additionally low noise 
performance allows to reduce transmit power without loosing 
signal to noise ratio and thus avoids expensive and heavy 
transmitter technology [3]. 
With this technological background, it has become 
possible to develop a really miniaturized millimetre-wave 
Synthetic Aperture Radar, able to be used onboard on-board a 
tactical UA V or a microlite aircraft and with real-time SAR 
processing. 
W -band is the optimum choice for these applications, 
where small-scale features or chances have to be observed. 
Not only the required technology is available, but also the 
physical properties of scattering, result in a better contrast, 
lower speckle etc .. The scattering characteristics of targets and 
background in this frequency region are mainly governed by 
the increased relative roughness of all scattering surfaces. 
Sensitivity to small- cale features and changes is a prominent 
characteristic of this frequency band. 
III. THE W-BAND RADAR FRONT-END 
A miniaturized FM-CW radar operating at a centre 
frequency of 94 GHz has been developed, to demonstrate the 
capabilities of this frequency region in remote sensing. The 
radar uses a fixed pair of antennas, one for transmit and one 
for receive, without gimbal or electronic beam steering. 
The main building blocks of MRUDI0-94 are: 
• Airframe (Copter-UA V, Ultralight Aircraft) with 
remote control 
• GPS-Telemetry and control computer on the ground 
• On-board power supply 
• Broad-band telemetry with receiver/ground-station 
• Radar with fixed slotted array antennas 
• Real time SAR signal processing ground station 
The latest version of the MRUDIO radar uses a times-12 
multiplier, allowing to build most of the RF electronics at a 
low frequency around 7 GHz. This gives the advantage to be 
able to use conventional hardware with microstrip technology, 
while only a few millimeter-wave components in the input­
and output stages are required [ 4]. To maintain a low over­
coupling between transmitter and receiver, a separate antenna 
in a special arrangement is used for each of both. The low 
over-coupling is mandatory to give a high dynamic range, 
which is necessary to detect indirect signatures. Fig. 2 shows a 
block diagram of the system. The photo of Fig. 3 illustrates 
the mechanical outline and Tab. 1 summarizes the 
performance data. 
TABLE I. PERFORMANCE DATA OF MIRANDA RADAR 
Transmit Frequency 94 GHz 
Output Power l00mW 
Waveform Linear Chirp 
Chirp Length 120ms 
Bandwidth 1000 MHz 
Resolution 15 cm 
Polarization H-V, H-H 
Dynamic Range 60 dB 
Figure I. Block Diagram of Mrudio 94-GHz-Front-End 
The high frequency components, namely the multiplier, 
the W-band mixer with integrated low-noise amplifier (LNA) 
and the high power amplifier (HPA), were developed by 
Fraunhofer Institute for Applied Solid State Physics (IAF). In 
this case, using the WR-10 frequency band, a multiplier by 
twelve is used. The low noise figure, high dynamic range and 
high gain of the devices result in a high dynamic range for the 
resulting SAR images. 
Figure 2. Photo of MRUDIO Front-End and complete Box 
The waveform-generator module was especially designed 
for use with these components. The generator is developped 
using an AD 9910 DDS (Direct Digital Synthesizer). To avoid 
sidelobes in the spectrum, this chirp generator coveres the 
range from 87 MHz to 164 MHz, giving a maximum 
bandwidth of 77 MHz at this low frequency stage. The DDS is 
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synchronized by an ultra-stable master clock, which also 
drives other components of the front-end. This technique 
allows a fully coherent and stable operation, which is 
important to ensure the coherency within both a single chirp 
and series of chirps and thus enabling high resolution SAR 
processing over long range. The output of the waveform 
generation module synchronizes a signal between 7.68 GHz 
and 7. 99 GHz. The desired output frequency is maintained by 
subsequent up-conversion and multiplication. By changing 
filter characteristics and the DDS operational mode, slightly 
different preprocessed frequencies can be achieved. By using 
different frequency multiplier modules, operational 
frequencies of 35 GHz, 60 GHz, 77 GHz, 94 GHz or 220 GHz 
and even beyond are feasible. For MRUDIO the 94-GHz band 
is realized. 
IV. DIFFERENT CARRIER CONCEPTS 
In the course of the development of UA V-SAR at 
It is obvious, that the image quality is quite bad and by far not 
related to the high bandwidth of the radar. 
Detailed investigations were done to assess the most 
critical motion components [ 4]. It turned out, that it is not 
sufficient to employ a standard MEMS-based IMU and GPS. 
Figure 4. Photo of Scene and Real-Aperture Image 
millimeter-wave bands different sensor carriers were tested. B. SAR onboard Microlite Aircraft 
A. SAR onboard Model Aircraft 
As main emphasis was put to an as small as possible 
aircraft a model aircraft was used for the first tests. Today 
very reliable and sophisticated components are available for 
these applications, which make own developments 
unnecessary. 
Preconditions are the ability to carry the projected 
maximum weight of 10 kg and a design which allows to fix 
the antennas at the side or below the hull. An easy access to all 
building blocks has to be guaranteed. In addition the motor 
has to be strong enough to handle the whole set-up safely with 
enough endurance for typical SAR missions. Although 
considerable progress has been made for electrical motors and 
power supplies for model aircrafts during recent times, the 
available power to handle an aircraft with the specifications 
discussed above would be much lower than for comparable 
combustion engines. It could be forseen that at least a tarmac 
runway would be necessary to achieve the necessary take off 
power. Due to these reasons a model aircraft of the type P AF 
[l] with a wing span of 3 m and a length of2.5 m was chosen, 
equipped with a combustion engine DA 100 [2] with a 
nominal power of 7.3 kW. Fig. 3 shows a photo of the aircraft: 
Figure 3. Photo of Model Aircraft with mmW-SAR 
To be able to have quick-look capability also without SAR 
Processing, a slotted array antenna with narrow azimuthal 
beam was used. A typical quick-look image is shown in Fig. 4. 
UA Vs with a weight above 20 kg are currently not allowed 
to fly over any terrain in Germany due to aviation legislation. 
Consequently system tests, which are necessary to evaluate 
the performance of the SAR, are difficult to perform whenever 
and wherever necessary. To become independent of these 
restrictive regulations, the SAR was put into a small, fully 
autonomuos pod, which can be operated with any aircraft. The 
Microlight aircraft, DELPHIN [ 4], was used to do extended 
flight test using this experimental aircraft. Fig. 5 shows a 
photo of the DELPHIN aircraft. As the data processing is done 
at the ground station, flights can only be conducted within the 
range of the data link, which is a few kilometers line of sight. 
Figure 5. Photo ofDELPHIN Aircraft 
Figure 6. 94-GHz SAR in POD 
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The use of a bigger aircraft guarantees as well a much 
higher flight stability but also the use of a heavier IMU. This 
advantage has led to the choice of an Aerocontrol IMU based 
upon classical fibre gyroscope technology and thus very high 
precision. Fig. 7 shows a photo of the Aerocontrol IMU, 
which is integrated into the POD. 
Figure 7. Aerocontral IMU 
Many successfull flight tests have been conducted sing this 
carrier, which will be discussed in the following paragraph. 
C. SAR onboard Copter UA V 
Meanwhile the radar was built into the UMAT UA V 
owned by ESG [6], which is basically a NEO S300 helicopter 
built by SWISS-UAV [7]. Fig. 4 shows a photo of the NEO S-
300 in flight and the built in SAR. 
Figure 8. NEO-S300 and mmW-SAR 
TABLE II. FLIGHT PARAMETERS 
Flight Altitude above Ground 290m 
Velocity 31.8 mis 
Drift due to crosswind 10° 
Chirp Lenght l.08ms 
RF bandwidth 300 MHz 
Antenna 3 dB Beamwidth (Az) 1.50 
Antenna 3 dB Beamwidth (EL) 12 ° 
The radar together with the slightly bulky IMU fits very 
well into the copter and a campaign was conducted to test the 
performance of millimeter-wave SAR onboard such a carrier 
platform. It turned out, that rapid changes of the heading 
cannot be neglected for good image quality. 
V. SAR IMAGING 
The Measurement data from the airborne system, radar 
data and inertial data [8], are transferred to the ground station 
by a conventional analogue video data link. The data undergo 
a SAR imaging process in realtime. The SAR algorithm is 
following methods, which are well documented in the 
literature [9], however special refinement has to be done for 
the real-time processing. 
The image shown in Fig. 9 is a screenshot of the real-time 
processing algorithm which displays the radar measurement 
online while performing the flight. The basic steps to process 
the images are: 
• Read a block of data. 
• Convert the IMU data. 
• Synchronize the data using the burst signal which is 
included into the data every 2 ms. 
• Calibration of the radar data with previous 
measurements of the radar on a calibrated comer 
reflector to balance non-lineadties. 
• Motion compensation using the IMU data 
• Range transformation. 
• Focusing. 
• Doppler transformation. 
• Projection of the processed strips for online display. 
This online processor makes some simplifications which 
are not crucial at small wavelengths as used at mm-waves·. For 
example the processed stripes are small and are then stitched 
together using a mosaicking method. Using a very accurate 
IMU this turns out to be no problem. Furthermore, for online 
processing Doppler rotation is not used at the reduced 
resolution. For projection of each stripe just the position on the 
ground for the first and last resolutional cell is calculated 
exactly. All pixels in between are linearly interpolated. In a 
final step, the image is projected on a flat earth, while the 
initial altitude was already defined at the start of the 
measurement. 
-
Figure 9. Mosaicking of processed Stripe - 54 -
VI. SAR IMAGING 
The following images show example for SAR performance 
at 94 GHz for different types of terrain. Fig. 10 shows an 
example of inhabited terrain with streets and buildings. Fig. 11 
shows an industrial terrain with more tighly positioned 
buildings, while Fig. 12 shows an example of rural terrain 
with meadows and a plantation of apple trees. 
Figure 10. Real-Time SAR Image of inhabited Area 
Figure 11. SAR Image of industrial Terrain 
Figure 12. SAR Image of rural Terrain 
All images flown with the small fixed-wing aircraft were 
quite good and related to the theoretical resolution given by 
the radar bandwidth. For flights with the NEO-S300 copter 
this could not be maintained for all flights. Incases, where the 
heading made a rapid change due to the flight dynamics of the 
rotary wing carrier, sectors of not sufficient data appeared, 
resulting in a smearing out of the images. Fig. 13 shows a 
respective example. 
Figure 13. Real-Time SAR Image for UA V Flight with rapid Yaw 
Movement 
VIL CONCLUSION 
It could be demonstrated, that a miniaturized Synthetic 
Aperture Radar at 94 GHz, is well suited to be operated on 
board of a small UAV, like the NEO S300 copter or for ease 
of operation on board of any small air vehicle, like a microlite 
aircraft. The capability to do real time SAR processing with 
high resolution at a ground station at a remote location could 
also be demonstrated. In comparison with other radar sensors 
at lower frequencies like X-band, millimetre-waves have 
numerous advantages which make them especially suitable for 
investigation of small scale features, like sensing of crops also 
under adverse environmental conditions. They do not suffer 
from any dust, smoke or bad weather like EO and IR sensors 
do. They are also ideally suited to give the necessary guidance 
to ground based systems. 
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